Oral squamous cell carcinoma (OSCC) is a type of cancer with high morbidity and mortality rates worldwide; it also demonstrates chemotherapeutic resistance. Triterpenoid ursolic acid has been shown to exhibit various biological activities and anticancer effects in several preclinical studies. In our previous study, human cisplatin-resistant oral cancer CAR cells were established, and the present study aimed to further examine the effects of ursolic acid on CAR cells. The results revealed that ursolic acid inhibited CAR cell viability, as determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Ursolic acid-induced cell death was mediated through a caspase-dependent pathway, determined with the pan-caspase inhibitor, z-VAD-fmk. Ursolic acid also increased the activities of caspase-3 and caspase-9 in CAR cells, determined by a colorimetric assay. Specifically, the production of reactive oxygen species and loss of mitochondrial membrane potential, detected by flow cytometry, were observed in the ursolic acid-treated CAR cells. The apoptosis-associated signaling showed that ursolic acid decreased the phosphorylation of AKT (Ser473) and B-cell lymphoma 2 (Bcl-2)-associated agonist of cell death (BAD; Ser136), and the protein levels of Bcl-2 and Bcl-extra large (Bcl-xL), and increased the expression of BAD and Bcl-2-associated X (Bax) protein in CAR cells. In summary, the results supported the potential application of ursolic acid against drug-resistant oral carcinoma and to improve oral anticancer efficacy in the near future.
Introduction
Oral squamous cell carcinoma (OSCC) is one of the most common types of head and neck cancer in the world and accounts for ~95% of all cases of head and neck cancer (1, 2) . Patients with OSCC have a five-year survival rate of ~50%, with the proportion of men with oral squamous cell carcinoma being higher than that of women (2, 3) . The symptoms of OSCC include erythroplakia, leukoplakia, ulcers in the mouth, necrosis of the surface tissue, formation of an intermediate cavity or an uneven surface mass, bleeding, and swelling of the submandibular and cervical lymph nodes (4, 5) . OSCC is mainly caused by chemical factors, including nicotine, alcohol and betel nut juice; physical factors, including the consumption of high-temperature foods over a long period; and viral infections, including human papillomavirus, Epstein-Barr virus and human immunodeficiency virus (6) (7) (8) . Histologically, when a tumor has not invaded other organs in its formation, it can be classified via the symptoms of epithelial tissue
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CHIN-FU CHEN 1 , JAI-SING YANG 2 , WEN-KANG CHEN 3 , CHI-CHENG LU 4 , JO-HUA CHIANG 5 , HONG-YI CHIU 4, 6, 7 , SHIH-CHANG TSAI 8 , YU-NING JUAN 2 , HAO-JEN HUANG 1, 9 and TZONG-DER WAY 8 according to reactive epithelial or pre-neoplasia preneoplastic changes (9, 10) . The current chemotherapeutic agents for OSCC are cisplatin, 5-fluorouracil, bleomycin, mitomycin-c, methotrexate, oxaliplatin and tegafur/uracil (11, 12) . Despite scientific investigations and advanced medical technological achievements, the prognosis of OSCC has remained poor over the last 10 years (13, 14) . The focus of current investigations in novel drug identification is on the development of low-sideeffect and high-efficacy treatments against chemoresistant cancer cells. Ursolic acid (3β-hydroxy-urs-12-ene-28-oic acid) is a lipophilic and pentacyclic triterpenoid compound. The molecular weight of ursolic acid is 456.68 g/mole, and is a white powder that was first identified from the epicuticular wax of apples in 1920 (15) . Ursolic acid is usually found in leaves, stem bark and fruit peel, and is present largely in specific plants and dietary foods, including basil, apples, peppermint, cranberries, rosemary, lavender, thyme, hawthorn, oregano, prunes, bilberries and elderflower (16) (17) (18) . Ursolic acid has been used for its health-promoting activities via the composition of herb extracts applied in popular medicines for centuries (19) (20) (21) . As ursolic acid exists in common edible plants, it is considered to exhibit almost no toxicity towards humans (22, 23) . With the rapid developments in our understanding of traditional medicines, ursolic acid has been found to have pharmacological and biological effects, including antioxidant, anti-inflammatory, antidiabetic, antibacterial and antitumor activities. Furthermore, it is used in protection and prevention against cancer (19) (20) (21) (22) (23) .
Ursolic acid may be a potential natural compound for cancer therapy (19) (20) (21) (22) (23) . In previous years, ursolic acid has been found to possess pharmacological effects in the prevention and treatment of cancer (24, 25) . The pharmacological activities of ursolic acid not only destroy cancer cells but also regulate cancer cell metabolism, prevent angiogenesis and metastasis, enhance cell differentiation, and protect healthy tissues from the oxidative and inflammatory stimulation that lead to the process of cancer cell metastasis (24) (25) (26) . The present study aimed to examine the anti-growth effects of ursolic acid and the underlying mechanisms of apoptotic cell death in cisplatin-resistant human oral cancer CAR cells.
Materials and methods
Cell culture. The CAL 27 parental human oral cancer cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA), which is a cell line identified as tongue squamous cell carcinoma. The cisplatin-resistant oral cancer CAR cells were established by gradient induction of increasing concentrations of cisplatin up to 80 µM in CAL 27 cells, as previously described (1, 8, 27) . In brief, the CAL 27 cells were initially incubated with 10 µM cisplatin for 24 h, and the culture media was replaced by cisplatin-free fresh culture medium until the CAL 27 cells reached a confluence of 80-90%. The procedure was repeated with increasing concentrations of cisplatin, and the CAL 27 cells were cultured with each concentration (10-80 µM) of cisplatin for five cycles to obtain the cisplatin-resistant CAR cells. The CAR cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. Normal human primary gingival fibroblast (HGF) was obtained from CLS Cell Lines Service GmbH (Eppelheim, Germany) and cultivated in DMEM/F12 1:1 medium (HyClone Laboratories; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% FBS, 100 µg/ml streptomycin, 100 U/ml penicillin and 2 mM L-glutamine. All cells were cultured in a 37˚C humidified incubator with 5% CO 2 .
Chemicals, reagents and antibodies. DMEM, DMEM/F12 1:1 medium, FBS, L-glutamine, and penicillin/streptomycin were purchased from HyClone Laboratories; GE Healthcare Life Sciences. Ursolic acid, 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT), and other chemicals were of analytical grade from Sigma-Aldrich; EMD Millipore (Billerica, MA, USA) unless otherwise specified. The pan-caspase inhibitor z-VAD-fmk was purchased from EMD Millipore. Caspase-3 and Caspase-9 Colorimetric Assay kits were from R&D Systems, Inc. (Minneapolis, MN, USA). The anti-caspase-3 (cat. no. GTX110543), anti-caspase-9 (cat. no. GTX112888), anti-phosphorylated (p)-AKT Ser473 (cat. no. GTX28932), anti-AKT (cat. no. GTX121937), a nt i-p -BA D S e r136 (cat. no. GT X50136), a nt i-BA D (cat. no. GTX130108), anti-Bax (cat. no. GTX109683), anti-Bcl-2 (cat. no. GTX100064), anti-Bcl-xL (cat. no. GTX84834), and anti-β-actin (cat. no. GTX109639) antibodies, and the anti-rabbit (cat. no. GTX213110-01) and anti-mouse (cat. no. GTX213111-01) IgG horseradish peroxidase (HRP)-linked antibodies were all purchased from GeneTex, Inc. (Hsinchu, Taiwan). The reactive oxygen species (ROS) indicator H 2 DCFDA and the mitochondrial membrane potential (ΔΨm) detector DiOC 6 (3) were obtained from Molecular Probes; Thermo Fisher Scientific, Inc. (Waltham, MA, USA).
Cell viability assay. Cell viability was evaluated with an MTT method, as previously described (23, 28) . Briefly, the CAR or HGF cells were seeded in a 96-well plate at a density of 1x10 4 cells/well and treated with different concentrations (50, 100, 150 or 200 µM) of ursolic acid prior to pre-incubation with or without 10 µM z-VAD-fmk (pan-caspase inhibitor) for 1.5 h at 37˚C. After 24 h, the medium was removed, and the cells were cultured with 0.5 mg/ml MTT solution for an additional 2 h at 37˚C. Subsequently, 100 µl DMSO was used to dissolve the blue formazan product, and cell viability was spectrophotometrically measured at the absorbance of 570 nm, as previously described (29, 30) .
Kinetic cell conf luence assay. The cell conf luence experiment was monitored using the IncuCyte ZOOM system (Essen BioScience, Ann Arbor, MI, USA), as previously described (1, 31) . In brief, the CAR cells at a density of 1x10 4 cells per well were seeded in a 96-well plate and then exposed to 0, 50, 100 and 200 µM of ursolic acid for 48 h. Data collection was performed every 2 h until 48 h, and images of the morphological changes were captured and collected every 12 h using the IncuCyte ZOOM system (Essen BioScience).
In vitro caspase activity assay. The activities of caspase-3 and caspase-9 were detected using Caspase-3 and Caspase-9
Colorimetric Assay kits (R&D Systems Inc.) with synthetic tetrapeptides [Asp-Glu-Val-Asp (DEAD) for caspase-3; Leu-Glu-His-Asp (LEHD) for caspase-9] labeled with p-nitroaniline (pNA) to link to the caspase-specific substrate. The CAR cells (5x10 6 cells per 75T flask) were treated with or without 50, 100, 150 and 200 µM of ursolic acid for 24 h. The cell lysates were then harvested, and the supernatants were incubated with the supplied reaction buffer with dithiothreitol and DEAD-pNA or LEHD-pNA as substrates at 37˚C for 2 h in the dark according to the manufacturer's protocols.
Immunoblotting analysis. The CAR cells (5x10 6 cells per 75T flask) were treated with or without 100, 150 and 200 µM of ursolic acid for 12 h. The cells were then harvested and lysed with Trident RIPA lysis buffer (GeneTex, Inc.). The Pierce BCA protein assay kit was used to detect the protein concentration, following which an equal quantity of the protein sample (40 µg) was subjected to electrophoresis on a 10-12% sodium dodecyl sulfate-polyacrylamide gel, as previously described (32, 33) . The separated protein was transferred onto the Immobilon-P Transfer membrane (Merck Millipore, Darmstadt, Germany) via use of electroblotting. Thereafter, the membranes were soaked in 5% skim milk and individually incubated overnight with primary antibodies, including caspase-3, caspase-9, p-AKT Ser473 , AKT, p-BAD Ser136 , BAD, Bax, Bcl-2, Bcl-xL (all 1:1,000 dilution) and β-actin (1:5,000 dilution) at 4˚C, followed by incubation with the appropriate HRP-conjugated secondary antibodies (1:10,000 dilution) for 1 h at room temperature to hybridize targeted protein using Immobilon Western Chemiluminescent HRP substrate (Merck Millipore), as previously described (34, 35) . All bands of immunoblots were normalized to β-actin, and their densitometric quantification was performed using NIH ImageJ 1.47 software (National Institutes of Health, Bethesda, MD, USA).
Measurements of ΔΨm and ROS production using flow cytometry. The CAR cells (2x10 5 cells/ml) in 12-well plates were exposed to 0, 50, 100, 150 and 200 µM of ursolic acid for 12 h. The cells were then collected and incubated with 500 µl of H 2 DCF-DA (ROS detector dye, 10 µM) and 50 nM of the cell-permeant ΔΨm probe, DiOC 6 (3), at 37˚C for 30 min using flow cytometry, as previously described (33, 36) .
Statistical analysis. The values are expressed as the mean ± standard deviation from at least three separate experiments. Data analysis was performed using SPSS software version 16.0 (SPSS, Inc., Chicago, IL, USA). The differences were analyzed using one-way analysis of variance followed by Dunnett's test. P<0.001 was considered indicate a statistically significant difference.
Results
Effects of ursolic acid on the viability of cisplatin-resistant human oral cancer CAR cells. The cytotoxicity of ursolic acid towards CAR cells was first investigated. The cells were cultured with various concentrations of ursolic acid (50, 100, 150 and 200 µM) for 24 h. Cell viability was evaluated using the MTT assay. The results demonstrated that ursolic acid at 100, 150 and 200 µM significantly reduced the viability of CAR cells in a concentration-dependent manner (Fig. 1A) . By contrast, ursolic acid exerted no toxicity towards the normal HGF cells (Fig. 1B) . Similarly, the cell confluence of the cultured CAR cells following exposure to the different concentrations (0, 50, 100 and 200 µM) of ursolic acid was monitored using the IncuCyte ZOOM system instrument at the 2-h period. The data showed that the inhibition of CAR cell confluence appeared following incubation with 200 µM ursolic acid, compared with the control, when incubated for up to 48 h (Fig. 2 ). In addition, images of the cultured CAR cells captured at 12-h intervals demonstrated that ursolic acid at 200 µM induced cell morphology changes and a decrease of cell confluence, and triggered CAR cell death (Fig. 3) . Therefore, these finding suggested that ursolic acid at 200 µM produced a marked reduction in the viability of CAR cells.
Effects of the pan-caspase inhibitor z-VAD-fmk against ursolic acid-induced caspase-dependent apoptosis of CAR cells. To further examine whether the observed suppression of cell viability involved apoptotic machinery, the cells were pretreated with 10 µM z-VAD-fmk and then exposed to 200 µM ursolic acid for 24 h. The results showed that, without prior incubation of the CAR cells with 10 µM z-VAD-fmk, the inhibition of cell viability was significantly inhibited by ursolic acid at 200 µM (Fig. 4) . Therefore, ursolic acid inhibited CAR cell viability via the caspase pathway.
Effects of ursolic acid on caspase-3/-9-dependent apoptosis of CAR cells.
To investigate whether the ursolic acid-induced apoptosis in CAR cells is associated with the intrinsic pathway (caspase-3 and caspase-9) following treatment with various concentrations (0, 50, 100, 150 and 200 µM) of ursolic acid, the activities and protein levels of caspase-3 and -9 were individually assayed using a colorimetric assay and western blot analysis. The results indicated that ursolic acid significantly promoted the activities of caspase-3 at 100, 150 and 200 µM concentrations in a concentration-dependent manner (Fig. 5A) . Similarly, the activity of caspase-9 was markedly enhanced in the CAR cells exposed to ursolic acid (150 and 200 µM; Fig. 5B ). Ursolic acid markedly increased the protein level of the active form of caspase-3 (Fig. 5C ). In addition, it promoted an increase in the protein level of cleaved caspase-9 (Fig. 5C ). On the basis of these results, it was suggested that the apoptotic mechanism of ursolic acid in CAR cells was mediated via caspase-3/-9-dependent signaling.
Effects of ursolic acid on the levels of ROS production and the ΔΨm of CAR cells. As ursolic acid affected the activation of caspase-9, it was hypothesized that ursolic acid-induced apoptosis may be regulated via the mitochondria-dependent pathway. The CAR cells were treated with ursolic acid at various concentrations for 12 h. The levels of ROS production and ΔΨm were measured by flow cytometric assays. The results indicated that ursolic acid promoted the production of ROS (Fig. 6A) , but decreased the level of ΔΨm (Fig. 6B ) in the CAR cells, and these effects were concentrationdependent. Based on these findings, mitochondrial dysfunction may be required for the ursolic acid-induced apoptosis of CAR cells.
Effects on apoptosis-related protein levels of CAR cells treated with ursolic acid.
To further understand the mechanism of apoptosis in CAR cells, the protein signals of AKT, BAD, Bax, Bcl-2 and Bcl-xL were determined in the ursolic acid-treated cells. Ursolic acid at 100, 150 and 200 µM for 12 h decreased the phosphorylation of AKT on Ser473 (p-AKT) and BAD on Ser136 (p-BAD), decreased the protein levels of Bcl-2 and Bcl-xL, and increased the expression of BAD and Bax (Fig. 7A and B) . These findings showed that ursolic acid induced apoptotic CAR cell death through a mitochondria-dependent pathway.
Discussion
Cisplatin, including oxaliplatin and carboplatin, is a member of platinum-containing chemotherapeutic agents (37, 38) . Unfortunately, cisplatin resistance remains the major cause of treatment failure in OSCC (39) . Therefore, the identification of novel drugs that can enhance the inhibition of cell proliferation or target cisplatin-resistant cancer cells is of paramount importance. In our previous studies (8, 40) , human cisplatin-resistant oral cancer CAR cells were established and the differences between the parental cell line (CAL 27) and CAR cells were investigated. The preliminary aim was to examine the effects on cell morphology, viability (40) and the expression of ATP-binding cassette B1, a multidrug resistance protein 1 (MDR1) in CAL 27 and CAR cells prior to cisplatin treatment. It was found that CAR cells were resistant to 80 µM cisplatin compared with the parental CAL 27 cells. The protein expression of MDR1 was higher in CAR cells than in CAL 27 cells. To date, CAR cells have been applied as a cell platform to assess various photochemicals, novel compounds and cell conditioned media (1, (6) (7) (8) 40, 41) .
Ursolic acid is a potent phytochemical and its use is popular in natural medicinal plants (16) (17) (18) (19) (20) (21) . It has been reported that ursolic acid has anticancer effects on chemoresistant cells. For example, ursolic acid attenuates temozolomide resistance in glioblastoma cells by downregulating the expression of O 6 -methylguanine-DNA methyltransferase in vitro and in vivo (42) . Ursolic acid also inhibits the growth of gemcitabine-resistant MIA PaCa-2 human pancreatic cancer cells and induces apoptosis through c-Jun N-terminal kinase and phosphoinositide 3-kinase/AKT/nuclear factor-κB pathways (43) . Ursolic acid enhances the cytotoxicity in adriamycin-resistant HL60/ADR, K562/ADR, and MCF-7/ADR cells (44) , and induces doxorubicin-resistant HepG2 cell death via the apoptosis-inducing factor-dependent pathway (45) . In the present study, it was shown that 200 µM ursolic acid significantly inhibited the cell viability ( Fig. 1A) and cell confluence ( Fig. 2 ; https://goo.gl/zytqBi) of CAR cells. Ursolic acid was relatively non-toxic to normal HGF cells (Fig.1B) , and this result is in agreement with previous studies on non-tumorigenic cells, including human normal CCD841 and LO2 cell lines (46) and normal bone marrow mononuclear cells (47) . Ursolic acid led to the selective cell death of human cisplatin-resistant CAR cells, rather than normal cells. These results provide novel information on the oral anticancer activity of ursolic acid in cisplatin-resistant CAR cells.
It has been demonstrated that ursolic acid inhibits cell proliferation and apoptosis in human oral cancer KB cells (48) . Ursolic acid also suppresses the transcription of cyclooxygenase-2 in human oral epithelial cells (49) . However, the molecular mechanism involved in the effect of ursolic acid on apoptosis in drug-resistant OSCC remains to be fully elucidated. In the present study, ursolic acid was investigated for its antitumor effects and signaling transduction in apoptosis of CAR cells. Ursolic acid significantly inhibited the proliferation of the CAR cells ( Figs. 1 and 3) . Ursolic acid-induced apoptosis was confirmed by the pan-caspase inhibitor, z-VAD-fmk, which reversed the reduction in cellular viability in the ursolic acid-treated CAR cells (Fig. 4) . Ursolic acid increased the activities of caspase-3/caspase-9 and the protein levels of cleavage-activated caspase-3 and caspase-9 in the CAR cells ( Fig. 5 ). Ursolic acid also increased ROS production and decreased ΔΨm in CAR cells (Fig. 6) . These results suggested that ursolic acid induced apoptosis through a mitochondria-dependent pathway in CAR cells.
BAD is a member of the Bcl-2 family. BAD has a pro-apoptotic role in the process of apoptosis (50, 51) . Dephosphorylated BAD promotes apoptosis and inactivates other anti-apoptotic Bcl-2 family proteins, including Bcl-2, Bcl-xL and Bcl-w (50) . The BAD protein is phosphorylated on Serine 99 and Serine 134 sites (Serine 136 site in mice) by AKT; the BAD protein dissociates from the heterodimer of Bcl-2/Bcl-xL and then binds to the 14-3-3 protein in the cytoplasm with an inactive form. Therefore, the free Bcl-2 and Bcl-xL can inhibit apoptosis (52) . AKT signal transduction is involved in anti-apoptotic effects and cell proliferation. Piticlisib (GDC-0941), a PI3K inhibitor, has been demonstrated to inhibit the phosphorylation of BAD on Serine 75 and Serine 99 sites and to induce glioblastoma cell apoptosis in clinical trials (53) . Burpalisib (BKM120) has also been shown to inhibit the phosphorylation of BAD on Serine 99 site via the PI3K/AKT pathway in T and B cell acute lymphoblastic leukemia (54) . It has been reported that ursolic acid suppresses the phosphorylation and activation of AKT, and then induces apoptosis in leukemia cells (55, 56) , colon cancer cells (46, 57) , gemcitabine-resistant human pancreatic cancer cells (43) , human bladder cancer cells (58) , prostate cancer cells (59, 60) , and hepatocellular carcinoma cells (61, 62) . The results of the present study showed that ursolic acid suppressed the phosphorylation of AKT and then inhibited the level of phosphorylated BAD downstream. In addition, ursolic acid decreased the protein levels of Bcl-2 and Bcl-xL in CAR cells (Fig. 7) . These findings suggested that ursolic acid suppressed CAR cell growth and induced mitochondria-dependent apoptosis through suppressing the phosphorylation of the AKT/BAD pathway.
In conclusion, the results of the present study supported the hypothesis that ursolic acid-induced apoptosis may involve the AKT/BAD pathway. The suggested integrated model of the molecular signaling induced by ursolic acid in CAR cells is summarized in Fig. 8 . The present study is the first, to the best of our knowledge, to demonstrate that ursolic acid represents a promising candidate as an oral anticancer drug, and it may be used as an agent for treating drug-resistant oral cancer in the future. 
